Hall CoefRcient and electron-electron interaction of 2D electrons in Si-MOSFET's. 
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Recent experiments in silicon MOSFETs indicate that the Hall coefficient is independent of 
magnetic field applied at a small angle with respect to the plane. Below a scattering between spin- 
up and spin-down carriers is considered to be the main reason for the experimental observation. 
Comparison of two band model with experiment provides an upper limit for the electron-electron 
scattering time Tee in the dilute 2D electron system as a function of electron density n^. The time 
Tee increases gradually with Ua, becoming much greater than the transport scattering time Tp for 
densities ns > 4 x 10^^ cm~'^. Strong electron-electron scattering is found for 1.22 x 10^^ < Us < 
3 X 10^^ cm"'^, the region which is near to the apparent metal insulator transition. 

PACS numbers: 72.15.Gd, 72.15.Lh, 72.25.Rb 
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I. INTRODUCTION 



Strongly interacting two-dimensional systems of elec- 
trons and holes have drawn intensive recent attention due 
to their anomalous behavior as a function of tempera- 
ture and magnetic field ^ : the resistance exhibits metal- 
lic temperature-dependence above a critical density, Uc, 
raising the possibility of a metallic phase in two dimen- 
sions Ig] . An additional intriguing characteristic of these 
systems is their enormous response to magnetic fields ap- 
plied in the 2D plane of the carriers . The resistivity 
increases substantially with in-plane magnetic field and 
saturates to a new value above a density-dependent char- 
acteristic magnetic field H^at- Several experiments 
have shown that the field Hgat corresponds to the on- 
set of full spin polarization of the 2D electron system. 
With increasing in-plane magnetic field the system thus 
evolves from zero net spin polarization, with equal num- 
bers of spin-up and spin-down electrons, to a completely 
spin-polarized state above the field Hsat- 

Recent measurements of the Hall resistance in paral- 
lel magnetic field |0 have revealed another unexpected 
physical property: the Hall coefficient does not vary 
with parallel magnetic field for fields ranging from 
to well above Hsat- This is in apparent contradiction 
with expectations based on straightforward arguments 
pTf that predict different mobilities of the spin-up and 
spin-down electrons and, therefore, a substantial varia- 
tion of the Hall coefhcient with in-plane magnetic field 
pO| . The purpose of the present paper is to provide a 
possible explanation of the behavior of the Hall coeffi- 
cient. The electron-electron (e — e) scattering is con- 
sidered as the main reason for the invariance of the 
Hall coefficient with in-plane magnetic field. A compar- 
ison with experiment demonstrates that the frequency 
of the electron-electron scattering events i^ee — l/^ee in- 
creases with decreasing electron density ng. At density 
1.22 X 10^^ < ?is < 2 X lO^^cm^^, the e — e scattering rate 
1 /Tee is found to be higher than the transport scattering 
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FIG. 1. The Hall coefficient, Rh — Rxy/H^, as a 
function of parallel magnetic field at different electron 
densities as labeled. Temperature is about lOOmK for 
ris > 1.9 X lO^^cm"^ and is 250 mK for other curves. 
The arrows indicates the field Hg of the complete spin 
polarization obtained from the saturation of the longi- 
tudinal magnetoconductivity 
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rate I/tj,. This indicates that the e — e interaction can 
be a dominant reason of decay of the electron states in 
the dilute 2D system near the apparent metal-insulator 
transition in the silicon MOSFET's at temperature above 
O.IK. 



II. EXPERIMENT 

The data used in the paper were obtained on 
two silicon MOSFETs of comparable mobility /x « 
20, 000 V/(cm2s) at T = 4.2 The samples were mounted 
on a rotating platform at the end of a low tempera- 
ture probe. Measurements were taken at temperature 
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T = 0.235 K and magnetic fields H up to 12 T in a 
^Hc Oxford Hcliox system at City College of NY. The 
Hall coefficient was measured at higher magnetic fields 
up to 18T at the National High Magnetic Field Labora- 
tory in Tallahassee, Florida. The details of the experi- 
ment are presented in the paper |l^,|l^. The Hall coef- 
ficient Rh, corresponding to different electron densities 
from Us = 1.22 x 10" cm'^ to = 4.42 x 10" cm^^^ 
is shown in Fig.l. Rjj is a weak function of the mag- 
netic field, varying by less the 3-7% over a wide range of 
magnetic field for all electron densities. For several elec- 
tron densities, the arrows mark the magnetic field Hs 
above which the longitudinal conductivity saturates fl^ j 
and 2D electrons are spin polarized completely [|4|. A 
considerable change in Rh is observed for the lowest elec- 
tron density Us = 1.22 x 10^^ cni^'^ at _ff > AT, where 
the system is in the insulating regime [p^ . This behavior 
requires further investigation. 

The longitudinal conductivity a depends strongly on 
in-plane magnetic field H [|l3|. This indicates that the 
average mobility of the electrons changes substantially 
with magnetic field. In the absence of interactions be- 
tween carriers, the mobility of spin-up and spin-down 
electrons should vary independently of each other. Tak- 
ing into account the very different, variable Fermi veloc- 
ities of spin-up and spin-down electrons in an in-plane 
field, we expect that the mobilities of the two subbands 
are most likely different in a magnetic field. The Hall 
coefficient measurements indicate, however, that the mo- 
bility of spin-up and spin-down electrons in the field H 
are close to each other. Electron-electron interaction are 
a promising candidate to explain this result. Indeed, it 
is known |1§|] , that due to the strong e — e interband 
scattering the nonequilibrium averaged velocities of two 
different conducting bands in an external electric field 
are, in fact, the same. Below I will employ this approach 
for the 2D electron system, which is spin polarized by an 
external magnetic field. 



III. MODEL 

Boltzman transport theory provides a description of 
the classical magnetoconductivity and Hall resistance of 
carriers occupying several different subbands in /c-space 
p7|-p^. For example, the carriers in different subbands 
can have different electrical charge (electrons and holes) 
or different kinematic properties such as mass (light and 
heavy holes in GaAs [Q). The 2D electrons in a Si- 
MOSFET in a strong in-plane magnetic field occupy two 
subbands, one containing spin-up and the other spin- 
down electron states. Below I present a simple descrip- 
tion of a two band model, based on analysis of the total 
averaged nonequilibrium momentum of each band in the 
mean free time approximation ||l7| , |l8|]. A more general 
approach can be found in reference ||l9|. 



In the absence of electron-electron scattering the spin- 
up and spin-down electrons can be considered indepen- 
dently. In this case we describe the relaxation of the 
total momentum of the nonequilibrium electron dis- 
tribution in each spin subband by a scattering time r-fj. 
The electron-electron interaction (or scattering) induces 
a redistribution of the non-equilibrium momentum of car- 
riers between two spin subbands and, therefore, changes 
the total momenta P| and P^. To account for the inter- 
subband redistribution of the nonequilibrium momentum 
an effective force < Fint > acting between spin-up and 
spin-down electron subbands is used |l|,|ll. The for ce 
< Fint > changes the total momentum of each spin sub- 
band. Newton's equations for total momentum P|, (Pi) 
of the spin-up (spin-down) electrons in an external elec- 
tric field E and a normal magnetic field H± yield: 



dPf ^ e ^ Pt 

= eji^E + -ni[vi X H±] - < P„t > (la) 



dPi 



n 



< F,nt >, (lb) 



where , t/| , (n^ , ) are the density and average velocity 
of spin-up (spin-down) electrons. The functional depen- 
dence of the force < Fint > was determined from the 
following observations |2l[. We assumed that each in- 
teraction (or collision) between two particles does not 
depend on other particles. In this case the total ef- 
fective force < Fint > should be proportional to the 
product of the densities of spin-up and spin-down elec- 
trons: < Fint >~ "-T ^ ""i- absence of a rela- 
tive drift of the spin-up electrons with respect to spin- 
down electrons (u| = W|) the force < Fint > is expected 
to be equal to 0. This result is, in fact, a consequence 
of invariance of the system under Galileo's transforma- 
tions, if we neglect variations of the electron distribu- 
tion with drift velocity (in other words, if we consider 
the linear response of the system). In this approxima- 
tion the force < Fint > is proportional to the difference 
between average velocities of spin-up and spin-down elec- 
trons: < Fint >~ (Jj^ ~ "f^i)- Thus we use the following 
expression for the force < Fint >■ 



< Fint >= anini{vi ~ vi), 



(2) 



where a is a constant. In stationary states the momenta 
P|,Px of the spin subbands are constant. Therefore the 
left sides of Eq.(l) are equal to 0. Combining Eqs. (1) 
and (2) we obtain a linear relation between the electric 
field E and the momenta P|, P| of the spin subbands: 



{iuJc + e^)Pl -j^Pi 



en^E 



(3a) 
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(ic^c + ei)n -7in =e«i-B, {3b) 

where P — + iPy, E — Ex + i-Ej,, 7|,j. — an-^^i/m^ 
e|.l = l/'''T,i + 7i.,T' = eH^/mc is the cyclotron fre- 
quency and m is the band mass of the electrons. The 
current density is given by 



and spin-down electrons in a magnetic field H. Therefore 
we expect a similar dependence of the Rh{H) (and the 
e — e scattering rate) for any other models of magneto- 
conductivity corresponding to the experiment, in which 
the bare mobilities of spin-up and spin-down electrons 
are different considerably. 



(4) 



The solution of the linear equations (3) gives the sub- 
band momenta P^ and P| as a function of external elec- 
tric and magnetic fields. The longitudinal and Hall con- 
ductivities of the system were obtained using the real and 
imaginary parts of Eq.(4), respectively: 

^ ^ (erei -7T71 - + 7i) + '^iCet + 7t)] + 

(eT^i - 7T7i - ^?)^ + t^c (e? + Ei)^ 



'xy 



^c[{n^{^i + 7i) + nije-i + 7T))(eT + ^iV 
(et^i - 7T7i - ^If + ^li.^] + ^iY 



-("T + "-i)(eTei - 7T7i - ^l) 



(5) 



(6) 



The Hall resistivity was obtained by inverting the con- 
ductivity tensor a. 

In order to evaluate the strength of the electron- 
electron scattering quantitatively we consider a model 
for the in-plane field dependence of the longitudinal con- 
ductivity cr{H). One possible explanation of the field de- 
pendence of cj{H) was proposed recently by Dolgopolov 
and Gold (DG) [Q. They have argued that the screen- 
ing of electrically charged impurities by the 2D electrons 
depends substantially on the populations of the spin-up 
and spin-down subbands and therefore varies with in- 
plane magnetic field. This causes the resistance to in- 
crease with field saturating when the electrons reach 
full spin polarization at H > Hs- In the DG approach 
PI the average scattering probabilities, I/t^.x, are calcu- 
lated corresponding to spin-up and spin-down electrons 
in a parallel magnetic field. The longitudinal conductiv- 
ity is the sum of contributions of spin-up and spin-down 
bands: a — + o"^ — e^ni^Ti^/m -f e^niTi/m, where 
ni^l = no(l±^) is the density of the spin-up (spin-down) 
electrons and ^ — H/Hg, [H < Hg) is the degree of spin 
polarization of the 2D system. We use their expression 
for the conductivity <j{H) to find the scattering times 
T||(7f) as a function of parallel magnetic field H. In ac- 
cordance with the eq.(5,6) the variations of the Hall coef- 
ficient Rh{H) are result of different mobilities of spin-up 
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FIG. 2. (a) The Hall coefficient as a function of the 
spin polarization ^ = H/Hs at different value of the 
parameter B — {i-UcTo)h=Hs labeled in the absent of 
the e — e scattering {A = 0). (b) The Hall coefficient as 
a function of the spin polarization ^ = H/Hg at differ- 
ent value of the e — e scattering A = To/Tee as labeled. 
The parameter B = 0.3 



According to Eq.(5,6), the behavior of the 
Hall coefficient as function of H depends on 
two parameters. One is the strength of 
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FIG. 3. The Hall coefficient as a function of the in- 
plane magnetic field at high electron density. The solid 
lines are numerical fit corresponding to the two band 
model (see eq. (5,6)). The parameter B = {ujcTo)h=h, 
was obtain as a ratio of the Rxy{H = Hg)/ p{H = 0) for 
each curve. The spin polarization field Hg was found 
from the saturation of the magnetoconductivity p3| . 
The arrows indicate the field Hg for each electron den- 
sity. The ratio of the transport scattering time Tp to 
e — e scattering time Tee, founded from the fitting, are 
labeled. 

the e — e interaction, which we characterize by a factor 
A = anoTo/m = T^jT^e^ the ratio of the inter subband 
e — e scattering rate to the transport scattering rate 
at = OT. The second parameter is i? = (a;cTo)i/=ff, 
calculated at field H = Hs, where the time tq is the 
scattering time at iJ = T without e — e interaction 
{A = 0). In Fig. (2a) we show the Hall coefficient 
calculated for different scattering times tq (B) without 
e — e scattering [A — 0). The Hall coefficient depends 
substantially on the parameter B. The behavior of the 
Hall coefficient for different B and A = is similar to 
results obtained earlier, neglecting the intersubband e — e 
scattering |22 2^. In the experiment, the parameter B 
was varied between 0.1 and 3.4 depending on electron 
density and the angle (j) between the magnetic field and 
the plane of the electrons. In accordance with Fig. 2a for 
all angles and electron densities measured excepting the 
highest, we should expect a substantial change of the 
Hall coefficient in the absence of e — e scattering {A = Q). 
In Fig. 2b we present the Hall coefficient as a function 
of in-plane magnetic field at i? = 0.3 and different rate 
of e — e scattering. The Hall coefficient behavior de- 
pends substantially on the e — e interband scattering. For 
A^ 1 the variation of the Hall coefficient is less than 4%. 



G 

O 



o 



c 

03 



03 
O 

I 




11 -2 

electron density , 10 cm 



N 

H 



o 

O 



1.2 



0.8 



0.6 



0.4 



0.2 





-o 


II 












(1 


») 






o 










— o — 
o 

o 














"J o o 


o 






, , , , 







2 3 4 5 

11 -2 

electron density, 10 cm 



FIG. 4. (a) The ratio of the electron-electron scattering 
rate 1 / r^e to the rate of the transport scattering l/rp 
at different electron densities n^. The shadow area in- 
dicates the possible values of the e — e scattering rate in 
the dilute 2D electron system, (b) the transport scat- 



tering rate I/t^ vs Us 



IV. COMPARISON WITH EXPERIMENT 

We now compare the results of the two band model 
presented above with experiment. The parameter B = 
{lOc'''o)h=Hs was found from experiment as the ratio 
of the Hall resistance pxy — Hj_/{nec){H — Hg) at 
magnetic field H ~ Hs to the longitudinal resistivity 
Pxx — m/ [ne^To) dX H = OT. The strength of the e — e 
scattering (coefficient A) was varied to obtain agreement 
with experiment. A comparison is shown on Fig. 3 for 
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four different electron densities. The accuracy of the 
experiment is not sufficient to extract the value of the 
e — e scattering time Tee in the system at electron den- 
sities below rts = 3 X 10^^ cm^^. The main difficulty 
is that the time Tee appears to be too short and com- 
parable with the mean free time of the electrons Tp at 
< 3 X 10^^ cm^^. We determined an upper limit 
for Tee or lower limit for the spin scattering rate Vee for 
electron densities < 3 x 10^^ cm~^. The ratio of the 
electron-electron scattering rate to the transport scat- 
tering rate extracted from the experiment is presented 
in Fig. 4. The transport scattering rate l/rp, obtained 
from the Drude conductivity ( neglecting the e — e mass 
enhancement), is shown for comparison. Fig. 4 demon- 
strates that the electron-electron scattering is strong in 
the dilute 2D system of electrons in SI-MOSFETs at elec- 
tron density below = 3 x \Q^^cm~^ . It increases with 
decreasing electron density and becomes higher than the 
transport scattering rate at < 2 x 10^^ cm^^. 

In summary, we have shown that the independence of 
the HaU coefficient of dilute 2D electrons in SI-MOSFETs 
on in-plane magnetic field can be the result of electron- 
electron scattering between two spin subbands. Compar- 
ison of experimental results with a two band model yields 
the electron-electron scattering rate Vee = 1/ "Tee between 
spinup and spindown 2D electrons in Si-MOSFETs. The 
e — e scattering was found to be a decreasing function of 
the electron density at 1.22 x 10^^ < < 4 x 10^-^ cm~^ 
in accordance with general expectations. At 1.22x10^^ < 
Us < 3 X 10^^ cm"^ the e — e scattering rate Vee of the 
2D electrons in silicon MOSFET's is comparable or even 
higher that the transport scattering rate I/t^ at temper- 
ature T>Q.1K . 
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